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a. Justification: This project has invastigated mechanisms that influence alherations in

compartmental fluid and electrolyte balance in microgravity and evaluates countermeasures to
control renat fluid and electrolyte losses. Determining the alterations in fluid compartments and
renal function to spaceflight is an important component in understanding long term adaptation
to spacsflight and the contribution to post-flight orthostatic intolerance.

b. Accomplishments: Four definition phase studies and two studies examining neuro-
humoral and vascular mechanisms have been completed. 1) Renal function alterations and
extracellular fluid and blood volume changes were examined in awake rats during 14 days
head-down tilt (HDT) and for 7 days following HOT. 2) Determined the impact of 24 hr HDT
on renal function, glomerular hemodynamics, and segmental tubular fluid reabsorption as well
as glomerular hemodynamic changes after acute restoration (1 hr) to orthostatic position. 3)
Examined the alterations in fluid spaces and renal function during prolonged (30 day) HDT and
7 days post-tit. and 4) Determine if glomerular and tubular responses readapts after 14 day
HDT and the renal response to acute return to orthostasis. 5) Systemic transcapillary albumin
escape rate is increased in prolonged HOT shifting fluld balance from plasma to interstitium
6) Renal function is more responsive to baroreceptor (adrenergic and All) control mechanisms
than to alterations in plasma volume during HDT such that acute saline loading alone prior to
return to 1g fields may not restore plasma volume sufficlently to act as an orthostatic
intolerance countermeasure.

c. Plans: Submit remaining studies to peer reviewed publications. Loss of funds prevents
any further plans.

d. Publications:

1. Tucker, 8.J. Fluid compartment and renal function alerations in the rat during 7 and 14

day head-down tiit. NASA Conference Pub., 10068:87-108, 1991.

2. Provost, S.B. and B.J. Tucker. Effect of 14 day head-down tilt on renal function and
vascular and extracallular fluid volumes in the conscious rat. The Physiologlist, 35:5105-
S$106, 1892.

3 Tucker, B.J. and M.M. Mendonca. Alerations in glomerular hemodynamics and tubular
reabscrption aftar 24 hours head-dowr: -t and followhhy acule 1oluin lo uilhiustasis. The
Physiologist, 35:5103-5104, 1992.
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Progress Report and Preliminary Studies

Progress Report, §/1/90 to 8/1/92:

Note: This progress report only covers a little over 2 years of research effort due to a
delayed start of funding (5/1/30). We have successfully completed five studies
and have obtained preliminary data on the sixth during this time period. This was
accomplished despite the marked reduction in awarded direct costs
(approximately $28,500 In the first eight months and $43,600 in the following
years) and only a 15% effort commiitted by the Pl. We have made substantial
progress in the dafinition phase of the first grant period in spite of these severe
restraints and have begun investigation into the effects of atrial natriuretic factor
on renal function changes during simulated microgravity which are scheduled to
be completed during the current grant year,

1. Cha in blood a ’ lumes during prolonged head-down tilt in the rat
In rats, chrenle cannulation of the femoral artery and vein was performed and the

animals were allowed one week to recover. The rats were separated into four subgroups
(n=6 in each group) and either tail suspended for 1, 7, or 14 days or left in the normal
orthostatic position. Blood volume was measured in each of the four subgroups of
awake rats utilizing 5'Cr labeled endogenous erythrocytes and the changes in volume
with duration of HDT were compared to non-tilted controls (Figure 1). Although not
significant, blood volume tended to
increase from 5.4:0.1 in Control to
56+0.1% of body weight after 24 hrs
HDT. By day 7, blood volume
significantly decreased to 5.0x1% of body
weight and decreased further t0 4.8+0.1%
by day 14 of HDT similar to observations
made in humans. There were no
differences in body weight, systemic
hematocrit, or plasma protein
concentrations among the four subgroups ‘
indicating that the observed blood volume ot of ot
. ‘,ﬁ“ “V\ Q) W
changes were independent of these GON' 4 qOM a0
factors. The results of these studies have o 5<0.08 Compared to Control
been published. In addition, we have Figure 1. Alterations i blood volume during prolonged
recantly measured biood volume In 30 head-down tit (HOD).
day HDT (n=3) and have included those
valuss in Figure 1.

s ~

% BODY WEIGHT
[ 3

2. Fluid compartment and renal function alterations in the ret during 14 day head-
down tilt.

In this study, rats were cannulated in the femoral artery and vein and bladder as
in prior studies for chronic monitoring of extracellular volume, systemic electrolytes and
plasma protein concentration as well as renal function (GFR, renal plasma flow, urine
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flow rate, urinary sodium and potassium
excretion). Serial measurements of these
parameters were performed twice prior to
HDT and then at 24 hrs, 3, 7, 10, and 14
days during HDT. After the 14 day HDT
period was completed, all rats were
returned to normal orthostatic position
and, after a 45 min waiting period, the
measurements were repeated.
Measureme;ts were also performed at 24 :
hrs, 3, and 7 days post-HDT. Ali values N T N 1
were comparez pto pre-tit  control oM S o g AR TR
measurements in the same rat on a ® P<0.08 Comparsd to Cantrol
paired basis. Similar to our previous Figure 2. Effects of HDT snd posttt recovery on
findings, extracellular fluid volume SXtaceiiar fuid volum.

increased from 28.2+3.110 31.4+3.5 % of

body walght after 24 hrs of HDT and then steadily decreased to 2412.1 % of body
welght by day 7 (Figure 2). By day 14, ECFF returned to values not different from contrel
(27.3+1.2 % of body welght). ECF increased significantly at day 1 post-tilt recovery
compared to both controt values and measuremants performed 1 hour after return to an
orthostatic position. ECF did return to near normal values by day 7 post-ilt recovery.
GFR increased during HDT from 2.1+0.1 in control to 2.3+0.2 after 24 hrs HDT and to
2.8+0.2 mi/min after 3 days HDT. By day 7, GFR was not different from control (2.2+0.7
mb/min) and GFR at day 14 HDT was 2.3:0.2 ml/min, also not different from pre-titt
values, [t was surprising that GFR remained at values not different from control despite
the decrease in blood volume at 7 and 14 days HDT. Post-tilt GFR values were not
different from pre-tilt values measured in this group of rats. Renal plasma flow Increased
by day 3 of HDT but did not significanty deviate from contro!l values at the other
measursment time points. In early HDT, there seems to be a mild valume expansion
with concomitant increase in GFR and renal plasma flow, but after the initial expansion
phase, ECF and renal function rsturned to values not different compared to pre-tiit
measurements. However, there was a decrease in blood volume during 7-14 days HDT
(Figure 1), which would indicate an alteration in the normal blood/interstitium
compartment volume ratio. None of the fluid shifts correlated well with changes in blood
prassure, which increased significantly at day 3 HOT and remained ¢levated during the
remalnder of HDT, implying potential neurchormonal changes and altered volume
homeostasis regulatory mechanisms.
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3. Altarations_in glomerular hemodynamics and fubular reabsorption after 24 hours
of hoad-down tilt and following acute return to orthostasis.

We have previously demonstrated that glomerular filtration rate is increased ia
early phases of HDT (1-3 days) in the rat. Although most of the increase in filtration rat2
during HDT has baan associated with increased renal plasma flow, the specific changes
in the determinants of glomerular ultrafilration have not been assessed. In addition, the
effect of acute return to orthostatic position after HDT on glomerular hemodynamics have
not been previously examined. After 24 hours HDT, single nephron glomerular filtration
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rate (SNGFR) invicased inore than 30% wr x
(Figure 3) due primarily to increased
single nephron plasma flow with no
change in either the glomerular
hydrostatic pressure gradient or the
glomerutar uftrafiltration coefficlent. After
24 hrc HDT, both absolute proximal
tubule fluid reabsorption and loop of
Hente fluld reabsorption was significantly
increased compared to control and was
sufficlent to malintain constant delivery of © $<0.08 Comparad to Conteat

fluid to the distal tubule, and did not  1a0.08 Compnred to rormuative firet peried
contribute to the observed Increase in Figure 3. Changes in single nephvon filtration fate during
urine flow. One hour orthostasis after 24 HOT and following one hour after retum to orthostasis.
hours simulated microgravity restored

most renal function parameters to near normal values as well as returned the
determinants of glomerular ultrafiltration ard SNGFR to values not different from Control
but urine flow rerain increased comparec to Control. The data indicate a dissociation
In glomerular fittration rate, distal tubule flow rate and urine flow Indicating a reduction
in reabsorptive function in later portions of the distal tubule and/or the collecting duct.

nl/ min

Bontrol HOT 24 % HOT 14 day

4, Effact of 30 dav head-dowp tilt and 7 day post tilt recovery on renal function and

extracaliular fluid volume,

This study has just been completed with comprehensive analysis of the 30 day
HDT and 7 day post-HDT recovery results in the awake rat. We had a 60-70% success
rate with rats in these studies. which is quite good considering that the implanted
catheters are in use for aimost 7 weseks. In addition, with the animal training protocol
prior to the atudies, body weight increased by 7% by day 28 and was 8+3% st the end
of post-tilt racovery period (P<0.05 compared to initial control values, see Figure A on
page 5). Continuing from the 14 day HDT study, at 21 days after onset of HDT, mean
arterial pressure (MAP) had increased above pre-tiit values and ramained increased at
the 28 and 30 day HDT measurement period. Although blood pressure did not
immedlately decrease after one hour of orthostatic recovery, MAP returned to values not
different frorm control at 24 hours post-tilt and during the 7 day recovery period. Despite
the Increase in MAP in this later period of prolonged HOT, there was no significant
increase in aither glomerular filtration rate or renal ptasma flow compared to control, pre-
tilt values. In a parallel group of rats (n=6), total body wate: was assessed during this
time period, and no significant alteration Ir. total body water was observed (control value
= 754+2% of body wt.). Extracellular fluid volume increased at both days 1 and 3 of HDT
and returned to velues not significantly diferent from Contrel for the ramainder of HOT
with a trend of increasing ECF (blood + interstitial volume) during the 7 day post-tilt
period. As in both the 7 day HDT study previously published (33) and the 14 day HDT
study in awake rats, both GFR and RPF in the 30 day HDT study increased significantly
during the early phases of HDT. /n conjunction with the blood volume study, there I3
e clear dissociation between plasma and interstitial volumas during profonged head-
down tilt, resulting in a net increase in nterstitial volume (which would contrnibute to
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odema formation) with decreased plasma volume. Determination of fluid volume status
based upon plasma volume measuremer:ts would significantly overestimate the fluid
and electrolvte losses during conditions of microgravity.

5. Alterations in glomerular hamodynamics and tubular reabsorption after 14 days HDT
and following acute return to orthostatic position.

This study has been completed and rigorously analyzed for publication in the near
future. Single nephron filtration rate (SNGFR) after 14 days HDT, in the anesthetized
surgically prepared rat, is not different compared to control values (Figure 3) and
analysis indicates a linear relationship to single nephron plasma flow. Thess results
parallel the findings of glomerular filtration rate and renal plasma flow observed at the
14 day HDT time point In the awake rat. Return to arthostasis did not decrease SNGFR
despite a significant reduction In blood pressure, factors not observed after 24 hrs HOT
(Figure 3). At 14 day HDT, absolute proximal tubule reabsorption (APR) was normal.
Howevar, upon reluin o uithuslasis, APR decreassd by 30%, without a deoline in
SNGFR. With the moderate increase ir loop of Henle reabsorption after return to
orthostasis, flow rate in the early distal tubule was not different compared to the 14 day
HDT values. However, distal tubule flow rate was significantly less than that observed
in non-tilt control rats. Since the distal lubule flow rate vsas only =60% of Control
values and urine flow was significantly increased, the data would Indicate that (as
ohsarved in the 24 hr HDT group) there was a significant decrease In reabsorptive
function in later portions of the distal tubuls end/or the collecting duct. It Is possible that
if circulating levels of anti-diuretic hormone are normal at 14 day HDT, that the kidney
is not responding to the anti-diuretic stimulus. Overall. the major alterations in
glomerular hemodynamics observed after return to orthostasis from 24 hours HDT were
not present at 14 day HDT. This is indlcative of adequate renal compensatory and
regulatory capacity to maintain most glomarular hemodynamic parameters at pre-return
values after 14 day HDT but not response 1o volume conserving stimuli due to alterations
in the neurohomonal milieu.

6. idance of i ic trangcapillary al SCape f R,.) after
30 days of head-down tilt.
We have recently hypothesizedthat .. ®° [ 1 .
the dissociation in volume ratio between
the plasma and interstitium is due to the <
shift in Starling forces to produce positive 2 8o -
fiuid movement from the distal portions of &3
the capillaries and venules outward to the ¢
extravascular space (see Significance)in 2 40 |
the upper torso and cephalad regions of 5
the body. This increased filtration in &
these regions will produce edema and & 1
may not ba totally compensated by the Gontrol Day 30 NOT
reverse fluid movement in the lower e P<0.05 Compared to Control

portion of the body. This hypothesis is Figure_ 4, Systemic transcapiliary elbumin escape rate
testable by examining the systemic ahterations after 30 days HDT.
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transcapillary escape rate of albumin (TEF,,,.) due to the differences in macromolecular
permeability between normal filtering and reabsotbing sections of the peripheral
vasculature, In some initial studies, we found that at 30 days HOT, TER,, was
significantly increased compared to non-tiit controls (Figure 4). In these rats, blood
volume was lass than non-tilt controis (Figure 1), whereas hematocrit and systemic
plasma protein concentration was not significantly alterad. Renal interstitial volumes
-wera glso obtained in 30 day HDT rats and were found not to be differant from contro!
(2341 vs 22+1% of kidney volume, respsctively). The increased systemic TER,, may
help define the mechanisms responsible for the significant and persistent decrease in
plasma volume with little or no alteration of ECF during HDT.

7. Effects of angiotensin Il infusion on glomerular hemodynamics and tubylar
reabsorption in 14 day head-down tilt rats.

We have recently completed studies 0 r
examining the effacts of angiotensin |l
infusion In both 14 day head-down tilt and in
tail suspended non«tilt controls. Studies

have previously demonstrated (Progress £ %[
Report) that at 14 days HDT plasma volume 3
is significantly reduced and extracellular fluid g
volume s not different from pre-tilt valuas. g e}l

In humans, plasma renin activity is not
different from normal after extended HOT,
bed-rest, or spaceflight (3,19). Long term
negative fluid and slectrolyte balance sho.uld 20
result in conditions, similar to chronlc salt
depletion, where there s either g0,
downragulation or no change in glomerular
angiotensin Il receptors (23,38). Therefore,
infusion of exogenous angiotensin Il should

produce the same or reduced renal i 88
vasoconstriction In HDT rats compared to {
that of non-tilt controls. However, when E
angiotensin 1l was Infused at the same duse ¥ g0 b

in both HDT and non-tilt controls, producing
a slmilar increase in systemic blood
pressure, there was a greafer ,
vasaconstrictive effect in the HOT down-tilt 4 . SRS s
rats compared fo controls. This resulted in Nor-tilt MOT

a significant decrease in both glomerular ® P<0.08 Compared to tirat periad
filtration rate and single nephron glomerular Flgure 5. Effect of angicteasin Il infusion on GFR
Fltration rate in HOT rats compared to nori-tift 2nd SNGFR in Non-tilt and afier 14 day HOT. The
controls (Figure 5). The reduction in paired bars are before and after AN infusion
nephron filtretlon rate in HDT rats was due to respectively.

reductions in both nephron plasma flow

(from 128+ 10 to 6714 ni/min in HDT after All, P<0.05) and the glomerulsr ultratiftration

Le e
R
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coefficlent (from 0.060+0.0117 to 0.027:0.004 nl/sec mm Hg in HDT after All) thal was
insufficiently opposed by the increase in the glomerular hydrostatic pressure gradient.
These unexpected renal responses to All infusion In HDT are similar to a response
observed in plasma volume expanded rats (24), and not in euvolémic or volume
depleted conditions. These data indicate that glomerular anglotensin Il receptors may
be increased In 14 dsy HDT compared to non-tift controls. This results In a
disproportionate response to angiotensin Il considering the volume status of the rai
Measurement of glomerular All receptors in 14d HDT and non-tilt controls Is proposed
in the current application. One potaentlal stimulus for upregulation of angiotensin !l
receptors In the glomerulus is & reduction in rensl sympathetic activity (24). These data
clearly demonstrate the need for further understanding of the dynamics of ths
neurchormonal axis in HDT and potentially spaceflight and that extrapolation of data
from circulating hormone levels and volurae status would, &t best, only provide partial
information. This dissociation between ar:giotensin Il response and volume status has
not been previously observad. If couniermeasures for orthostatic intolerance and
negative fiuld balance alter engiotensin 1l activity, the enhanced renal response fo
angiotensin 1] and the resulting effect on renal function must be considered.

Another observation rasulting from this study is that despite a greater reduction
in single nephron filtration rate after angiotensin Il infusion in HOT rats compared to
non-tilt controls, both early distal tubule flow rate (7.6+0.7 vs 7.5+0.7 ni/min, NS) and
the resuiting urine flow (3.8+0.5 in HDT vs 3.4+0.7 pl/min) were not altered indicating
a resetting of glomerular-tubular balance.

These findings are critical to the further understanding of the physiologic
response to simulated microgravity and indicate resetting of the mechanisms
rasponsible for renal function control, responses that would not have been predicted
from volume status alleration studies. '

Publications During Project Perind:

‘Supported by NAG 2-659:
Abstracts:

1. Tucker, B.J., and M.M. Mendonca. Alterations in glomerular hemodynamics and
tubular reabsorption after 24 hours head-down tilt and following acute return 1o
orthostasis. Presented at the International Meeting of the IUPS Commission on
Gravitational Physiology, 1891. The Physlologist. 34:235, 1991.

2. Provost. $.8., and B.J. Tucker. Effect of 14 day head-down tilt on renal function
and vascular and extracellular fluid volumes in the conscious rat. Presented at
the international Meeting of the ILUPS Commission on Gravitational Physiology,
1991, The Physiologist. 34:235, 1991.

3. Tucker, B.J, and M.M. Mendonca. Alterations in glomerular and tubular

dynamics in the rat after 1 and 14 days head-down tiit and following acute return
to orthostasis. Presented at the 8'h annual mesting of the American Society for
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4. Tucker, B.J., and M.M. Mendonca. Effects of 30 day head-down lift and post-tiit
recovery on fluid spaces and renel function in the aweke rat. Presented at the
8th annual mesting of the American Society for Gravitatlonal end Space Blology:.

Papers:

1. Tucker, B.J., C.A. Mundy, M.G. Zlegler, C. Baylis, and R.C. Blantz. Head-down
tilt and restraint on ranel function and restraint on renal function and glomerular
dynamics in the rat. J. Appl. Physiol. 63:505-513, 1987. (Prior to funded penod)

2. Tucker, B.J. Fluid compartment and renal function aiterations in the rat during
7 and 14 day head down tilt. NASA Conference Publication, 10068:97-108, 1991

3. Provost, 8.8. and B.J. Tucker. Effact of 14 day head-down tilt on renal function
and vascular and extracellular fluid volumes in the conscious rat.  The
Physlologist, 35:5105-8106, 1992,

4. Tucker, B.J. and M.M. Mendonca. Alterations In glomerular hemodynamics and
tubular reabsorption after 24 hours head-down tilt and following acute return to
orthostasis. The Physiologist, 35:5103-S104, 1892.

- Papers in preparation:

5. Tucker, B.J. and M.M. Mendonca. Alterations In glomerular and tubular dynamics
in 24 hour and 14 day simulated microgravity and during acute orthostatic
recovery. In preparation for J. Appl. Physiol., 1882,

6. Tucker, B.J. and S.B. Provost. Effect of 14 and 30 day simulated microgravity
and orthostatic recovery on volume homeostasls and renal function in the awake
rat. In preparation for J. Appl. Physiol., 1892.

NASA related papers authored or co-authored by Principal Investigator:

7. Parazynski, S.E.. AR. Hargens, B.J. Tucker, M. Aratow, J. Styf, and A.
Crenshaw Transcapillary fluid shifts in head and neck tissues during and after
simulated microgravity. NASA Technical Memorandum. 103847:1-16, 1891.

8. Parazynski, S.E., AR. Hargens, BJ. Tucker, M. Aratow, J. Styf, and A.
Crenshaw. Transcapiflary fluld shifts in tissues of the head and neck during and
after simulated microgravity. J. Appl. Physiol,, 71:2569-2475, 1991.

9. Parazynski, S.E., B.J. Tucker, M. Aratow, A. Crenshaw, and A.R. Hargens.

Direct measurement of capillary blood prassure irn the human lip. J. Appl.
Physiol., Submitted, 1992.
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Other publications with the Principal Investigator during the project period:

10. Tucker, B.J., O.W. Peterson, K.A. Munger, J.E. Bird, M. Mitchell, J.C. Pelayo, and
R.C. Blantz. Glomerular hemodynamic alterations during renal nerve stimulation
in high and low salt diets. Am. J. Fhysiol., 258:F133-F143, 1990.

11. Thomson, S.C., B.J. Tucker, F.3, Gabbaj, and R.C. Blantz. Glomerular
hemodynamic and alpha-2 adrenorzceptor stimulation: The role of renal nerves.
Am. J. Physiol., 258:F21-F27, 199C

12. Tucker, B.J and R.C. Blantz. Acute and subacute prostaglandin and angictensin
inhibltion on glomerulotubular dynamics in rats. Am. J. Physlol., 258:F1026-
F1035, 1990.

13. Blantz, R.C., F.B. Gabbai, 8.C. Thornson, and B.J. Tucker. Adrenergic Influences
and interactions with Angiotensin (I. Kidney Int., 38(Suppl.30):584-586, 1990.

14. Tucker, B.J. Early onset of increased transcaplllary albumin escape in awake
diabetic rats. Diabetes, 39:918-923, 1990.

15.  Tucker, B.J.. R.C. Collins, M.G. Ziagler, and R.C. Biantz. Disassociation betweer
glomerular hyperfitration and extracellular volume alterations in diabetic rats.
Kidney Int. 39:1176-1183, 1991.

16. Thomson, S.C.. B.J. Tucker and R.C. Blantz. Effects of beta-adrenergic blockade
on the glomerular and tubular response to acute renal denervation. J, Cardiovas.
Pharmacol. 17:387-402, 1891.

17.  Hirschberg, R., J.D. Kopple, R.C. B antz, and B.J. Tucker. Effects of recombinant
humsn insulin-like growth factor | on glomerular dynamics in the rat. J. Clin.
invest. 87:1200-1206, 1991.

18. Tucker, B.J.. F.B. Gabbei, and R.C. Blantz. Pathophyslology and renal

hemodynamic changes in diabetic nephropathy. In Diahgtic Nephropathy. (In
Japanese), Shigeta S. and Kalzu K, Editors. Igaku-Snoin Ltd Publishers, Tokyc,

Japan, 1992, pp. 69-86.

19. Thomson, S.C., F.B. Gabbai, B.J. Tucker, and R.C. Blantz. Interaction betweon
a,-adrenergic and engiotensin Il systems in the control of glomeruler
hemodynamics as assessed by renal micropuncture In the ral. J. Cfin. Invest.
90:604-611, 1992,

20 Tucker, B.J., C.M. Anderson, R.S. Theis, R.C. Coliins, and R.C. Blant.

Glomerular hemodynamics during acute hyperinsulinemia in normal and diabetic
rats. Kidney Int. 42(5):,1992,
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ALTERATIONS IN GLOMERULAR AND
TUBULAR DYNAMICS AT 1 AND 14 DAYS
SIMULATED MICROGRAVITY AND AFTER
ACUTE RETURN TO ORTHOSTASIS

Sryan J. Tucker and Margarida M. Mendonca

PhysiologysPharmacology Consulting
San Diego, CA 92129
anxl
Depariment of Medicine,
University of California. San Diego
La Jolla. CA 92093

INTRODUCTION

Head-down tilt (HD) is utilized to simulate
microgravity and produces 3 cephalad fluid shift, which
cesults in aiteratioas in fluid and electrolyte balance.
These changes in volume homeostasis are due, in part, to
alterations in multiple volume contro} mechanisms in
which renal function is a major participant. We have
previously demonstrated that glomerular filration rate
increases early in HDT and eventually retumns to values
not different from aon-tilt measurements (1). This carly
increase in glomerular filtration rate was also demonstrated
during days 2 and 8 of the SLS-1 mission. However,
urine flow and elearolyte excretion does not parallel the
altecations in glomerular filtration rate and the site of this
change in nephron fluid reabsorption pattern has not been
previously cxamined. Through determination of the
location of alterations in tubular fluid reabsorption within
the nephron, a more detailed hypothesis can be forwarded
as to which specific neuro-humoral agents participating in
controt of renal function in microgravity condhions. The
importance of this type of examination is that
measurements In eirculating neuro-humoral agents and
urinary excretion patterns 2lone are not accurate predictors
of how renal functdonal response may alter ©o head-down
tilt or other models of simulated weightlessness.

To examinc this issue, reaal micropuncture
techniques were utlized in Munich-Wistar rats submitted
24 hour and 14 day head-down tilg, measuring all the
determinants of glomerular ultrafiltration and obtzining
daw regarding segmental tubular fluid reabsorption.
Following these measurements, the rals were returned to
an orthostatic position and after 60 min, the measurements

Munich-Wistar rats (males, Simonsen) werk
utilized in the present study. The rats were dlvided, a:
randorn, into thrée groups; 1) controls with no tail
suspersion (Control, n=8), 2) rats placed in 25° head-
down tilt (HDT 24 hr, p=7) using tail suspension
techniques developed by Morey-Holton and wronski (2)
and modificd by Sweeny et al. (3), and 3) rats placed in
tai! suspension for 14 days (HDT 14 day, n~6). Al
animals were anesthetized with lnactin, 3 long acting
anasthetic, (Research Biochemicals, Tnc.) and prepared for
renal micropuncrare techniques (4). Following preparaticn
for micropuncture and & 60 min period for equilibration of
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(1% BW donor plasma in 60 min followed by 9.15% BW
donor plasma/br) glomerular hemodynamics and proximal
wbute and loop of Henle fluid reabsorption weee
measured. In the head-down tilt groups, after completion
of the first period micropuncture measurements, the rats
were re-positioned to 0° ult. Following return to
orthostasis the rats were allowed one hour for re-
equilibration and then the micropuncture measurements
were repested.  Paircd proximal and distal tcbule
collections were obtaincd in 4-6 separate nephrons on the
surface of the kidney in each rat-period for assessment of
single nephron flicration rate and segmenusl tubular fluid
reabsorption. Glomerular capillary, Bowman's Space, and
proximal tubule hydrostatic pressures were obtained
utilizing a Servo-null pressure racasuring system (IPM,
San Diego). Protein concentration from efferent anteriolar
plasma, obtained from the vascular stars on the surface of
the kidney, was compared 10 systemic plasma pretein
concentration to detsrmine single nephron  filtratioa
fraction. Whole kidney glomerular filtration ratz and
urine flows were also obained.
RESULTS

Meag artérial pressure (MAP) wes not different
from control in either 1 or 14 day HDT (figure 1).
tlowever, upon asute returm to orthostasis, MAP decreased
significantly at beth HDT durations (figure 1).

10

o l— Pl L
Qeyird T M DT 4 dey
Figure 1. The effet of 1 and 14 day hesd-down il (HOT) and sute
retum 1o orthostasls (hatched bass) 00 mean arterial pressire (MAP).
MAP was 1ot Increased in the anesthetized rat aftes L and 14 dxys HOT
compared to Congol. Howeves, scult fotwm to orthostals resubted tn 3
decrease of MAP tn both durations of HDT. * P<0.0$ compared
contol. + P<0.N3 compared to respective first poricd.

Two kidney glomerular filtration rate (GFR) was
increased at 14 day HDT and a simijler but non-significant
trend at 1 day HDT (figurc 2). After retum to orthostasis,
GFR returned 1o values not different from Control at both
| and 14 day HDT duration with 2 significant decrease in
GFR in the | day HDT group (figure 2).

Micropuncture data at the singlc nephron level
yielded similar results with an increasc in single pephron
glomerular filtration rate (SNGFR) increased st ! day
HDT and returned to Control values in scutc post-HOT
(Table 1). Howcver, 2t 14 day HDT, SNQFR was not
significamly different from Control as opposed to the
whole animal GFR. Post-HDT valucs were not different
from control (Table 1) The only glomerular
hemodynamic factor contribyting to the increase in
SNGFR was single nephron plasma flow (SNPF). The
increase in SNPF was due to decreases in both afferent
(AR, Tablc 1) and efferent artarlolar resistance. There
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Figure 2. Effect of 1 and 14 day HDT on glomeniler filtration razc
(GFR, tera Kidney valtics) and the effect of scute refun to orthostatis Figors 3. Efftct ¢f | xnd 14 day HDT oo urine flow (UV) and the
{hatched bars). GFR wat increxaed at 14 day HDT compared to Control. sffect of retum 1o orhostatic povition (hatched bars). UV was increzsed
Adute retum 1o orthastasis significantly decreszed GFR to values not | day HDT compared (o Control with no increase in DFR. Urlne fow
different flom Contre) at | dey HDT tar there was no significant W23 also increased In e HDT 14 day group desphs » significant
decreasc in GFR posi-HDT in the HDT 14 day rats. ¢ P<0.05 compased decressc in DFR. Affer acuor retum 10 orthostasis urine Bow remained
@ Conaol. + P<0.05 compared to respective first pariod. eloviled compared 1o Contol. * P<0.0S compared to control,
was no significant comribution to increases in SNGFR by DISCUSSION
changes in the glomerular hydrostatic pressure gradient The only determinant of GFR that increased at
(6P),  glomerular ultrafiltration coefflcient (LpA), or HDT 24 hr wes SNPF as a result of decreases in both
systemiz protein concentration. afferent and efferent arteriolar resistance, resulting in the
increase in SNGFR. There were no changes in the AP or
Tzble 1. Effect of HDT on single nephron hemodynamics. the LpA. Upon acute retum 1o orthostasis, SNPF was
SNGFR SNPF AP LpA AR returned to values not different from Control and returning
SNGFR to normal values. This pattern was paralleled by
! nlmin Ko Hallnt avnon Hg EGhynam vom') the measuremeats of whole animal GFR.
CON 3312 5318 34+ .05t.01 3023 Abzoluto proximasl tubuls reabsorption (ATR) was
14 HDT 4532°  166211° 3421 08202 132)° ncreased in HDT 24 hr and rerurned to control values
P-1d HDT 220 1222107 35t1 .052.01 1842° after retum 10 crthostasis. APR in 14 day HDT was not
144 HDT 30x1 10129 3141 0501 2423 different from control and s]gmﬁcan[]y decreased
P-14d HDT 2833 R338 3131 .03%.01 3225 following return to orthostasis. However, alterations in
LHR post-HDT resulted in no change in dista! tubule flow
@ POLS copared to Control. + P05 compared 10 respactive first period, réte in either HD'T group.
In conclusion, the changes in glomerular filtration
As depicted in Table 2, segmental reabsorption of rate during head-down tilt are mosr ‘ikely due 1o
fluid in the proximel segment and loop of Henle portions alterations in renal plasma flow and not the glomerular
of the r.ephron were significantly affected by HDT and hydrostatic pressure  gradient or the glomerular
acute post-HDT re¢overy. Absolute proximal tybule fluid ultrafiltration coefficient. The pattern of increased fluid
reabsorption (APR) war increaced by ! day HDT and reabsorpiion within the nephron indicates during head-
remuined al values greater than control at 14 days HOT down tilt is that the observed diuresis is the result of
(Table 2). In contrast, loop of Henle reabsorption (LHR) decreased reabsorption of fluid in either the later portion
was incréased anly at 1 day HDT (Table 2). During acute of the distal mbulc or the collecting duct. Despite return
return to orthostasis, LHR decreased afier 1 day HDT and to orthostasis and the rcsulting fluid shift, decreased
increased after 14 deys HDT. These alterations in glomerular filtration rate, and reduction in MAP, diuresis
nEpthﬂ fluid rcabsorption retained distal tubule flow rate persists for at least an hour after the return frora head-
at values similar or significantly lass than control, down tilt. This is mast likcly due to ® lack of response to
acute increased Jevels of anti-diuretic hormone and
Table 2. Effect of HDT on nephron reabsorption. potentially increased renal sympathetic activity.
ACKNOWLEDGEMENTS
SNGFR APR LHR—_ DFR These studies were supported oy NASA grants
{ nl/min ] NAG 2-659 and NCC 2.5%6.
CON 33£2 1321 12%) 8$.0+0.3 REFERENCES
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P-1d HDT 3442 13210 13+1° 9.01+0.8 Head-down filt and restxint on tenal fynction and glomerutar
14d HDT 3ol 161" §3xi 4.910.8° dynamics in w:";- j.A\spl.mﬁor &L?"‘Z 'i; ; 9:7}. -
. L «® 2. Morcy-Holton, E, TJ. Wronskd. Aa models for skmu
P-143 BHDT 2813 12:17 1541 48208 wi‘:umnm Phyrlologist 24. Suppl [S45-648. 1981 &
. . L. 3. Sweeacy, IR, GJ. Manhall, H. Gruber, ME. Klrchen Effects
Since distal tubute flow rgte was preserved or significantly of non-weight be aring on fracture healing, Physinlogist, 37.535-536,
decrcased, the observed increass in urine flow both at | 1084,
and 14 days HDT and during ] hr post-HDT must be due 4. Blamz RC. B.J. Tucker. Measurements of glomerular dynamics. In:
to decreased fluid in latter portions of the nephron or the Methods of Pha-macology. Rena! Pharmacology. M. Mastiner.
collecting duct (figure 3). Madonsdo ¢d.. New York: Plenum. 1978, Vol 4B, p. 1a}-143.
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EFFECTS OF 30 DAY SiMULA LR/ T e P.13
MICROGRAVITY AND RECOVERY ON FLUID 10, 14, 21, 28, and 30 days head-down tilt (HOT). On
BOMEOSTASIS AND RENAL FUNCTION day 30 of HDT, the rats were revarted to 2 0° titt position
IN THE RAT and the measurcments repeated after 1 hour in the
: horizontal position. Post-HDT measurements were also
performed a 1.3, and 7 days after HDT. Ina sccond
Bryan J. Tucker and Margarida M. Mcndonca group of chronically catheterized awake rats (n=23),
plasina and blood volumes were measured utilizing "1
Physiology/ Pharmacology Consulting labeled albumin and *'Cr labeled red blood cell
San Diego. CA 92129 distribution spaces in non-tilt, and 1,7,14, and 30 days 25°
and HDT (n=5 at each time point).
Department of Medicine, RESULTS
University of California, San Diego During the 30 days of HDT in the rat, there was
La Jollo, CA 92093 no decrease in body weight. However, the increase in
body welght was less than would be predicted n the
INTRODUCTION ) normal growing rat. During the seven day recovery,
Transition from a normal graviational growth rate retumed to values not different from rormal
environment to that of microgravity evenmuelly results in {3 g/day). Mean artccial pressure increased during the 30
dccreased plasma and blood volumes, increasing with day HODT period as depicted in figure 1.

duration of exposure to microgravity. This loss of
vascular fluid is presumably due to negative fluid end
clectrolyte balance and most likely conuributes to the 15
orthostatic intolerance associated with the return to
gravity. The decremse in plagma volume is presumed 10 be

a refiection of a concurrent decrease in exhiacellutar fluid
volurne with maisitenance of normal plasma-interstitial g 6t
-]
»w

fiuid bafance. In addition, the specific alterations in renal
fuaction contributing to these changes in fluld and

electrolyte homeastasis are potentially responding to <l I
neuro-humoral signals that are not consistent with systemic ! ! .
fluid volume status. ! !

We have previously demonstrated an carly ! !
increasc in both glomerular fileration rate and exwraceliular PP EES B R e e
fluid volume and that this decreasestowards controf values ot Oty ot &

by 7 days of simubated microgravity (1). However, longer

duration scudiea relating these changes 1o plasma volume o ) )

alterations and the response [0 return to orthostasis have Figure 1. Altcrations in éan m-l pressuce (MAP) during 30 day

not been fully addressed. ~Male Wistar rals were l?ﬂ:‘: r“HDT m‘w'm‘”"’:‘:&;’;‘ “l? 3°”'~SDT,‘§M was
. . N eicv  Most O re h o . o pot(- . MAP

chronically cannulated, submitred to 30 days neaxd-down e orossed by day 7 to valucs lest than conwol. * P<0 05 Compa: wod 1o

ik (HDT) and followed for 7 days after réwm 10 Control
orthostasis from HDT. Measurements of renal function
and exzraceltularand blood voluates were performed in the Mean contral value for MAP was 134+5 mm Hg and
awake rat. increased to 14741 mm Hg by day 28 HDT.
METHODS
Male Wistar rats (Simonsen, n=7) were utilizad wr
in the prescnt study. One week prior to the intial
measurements, the animals weré anesthetized with a short
duration anesthetic (Brevital, 65 mg/xg i.p) and steril: 20r
,tygon catheters were placed in the left femorel artery and g
10
s
n

vain. The vascular catheters were threaded under the skis

and exteriorized ot the back of the neck. A 14 gauge stecl

cannula, enclosed in silastic tublng, Wwas implanted In the

bladder and plugged with 2 stainless stee) pin. This is 2 o
modification of the preparation described in detall by

Gellal and Valtia (2), The rats received at least stx hous

of training by sitting quietly in 2 restraining cage of not ~10
more than thres hours at any one time in prepsaration for
the conscious stadies. Two control, pre-tilt mcasurement
pl‘.'l'i;)d& wenrke performed at least two tli;sys apm‘;n eachrat, .

while awake to ascertain extrace wlar fluid volume,

glomerular filration rate, and fluid and electrolyte et z msgg‘;‘kf‘ g‘,’g and P°:“:‘3; e e plomendar
excretion  After the control measurements were ot differct Gom I et by day 21 HDT DT s only
completed, the rats were tail suspended in a 25° head- diffecent from control at dey 3. * P<0.05 compsred @ Control.
down position (3) and the extracellular fiuld volume and

Vol. 2, No. 1, 1995 P-33
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Glomerular filoration rate (GFR) was 0 .840.1
mV/min/100g BW in Control and increased to a maximum
of 1.020.2 mirmin/100g BW during HDT. The specific
changes in GFR as a percent of Control values are
depicted in figure 2. GFR changes became more variable
as the durxtion of HDT increased. In post-HDT, GFR did
not consistently return to contral values untit 3 days post-
HDT (figure 2).

The increase in GFR was most likely due to the
increasc i renal plasma flow (RPF) as depicted in figure
3. One hour after return 1o orthostagis, RPF decreased to
values numerically less than Conwol! but was not
significantly different from Control during the 7 day post-
HDT period (figure 3).

80 ¢y~

Figure 3.  Alerations in blood votume (BV) in prolonged HOT
compared 10 non-Glt Control, A 24 hr HOT there was ro significart
change in BV compared to Comtrol. By day 7. BV decreated snd
continued & downward trend at dxys 14 snd 30 HDT. * P<0.05 comparcd
to Control.

DISCUSSION

Glomerular filtration rate increased early in DT,
through increases in renal plasma flow, most likely
responding to extaccllular fhuid volume expansion.
However, over time, glomerular filration rate, renal
plasma flow, and extracellular fluid volume decreased to
values not different from pre-tilt controls demonstrating a
close functional correlation in these paramsters. However,
plasma and blood volume changes were dissociated from
alterations in extracellutar fluid volume resukicg in
decreass in the normal plasma:interstitial volume ratio.
This change in the plasmainterstitial volume ratio is
indicative of either alteration in Starling forces at the
peripheral capillary beds and/or changes in the neuro-
humoral axis controlling fluid volume homeostasis,

After acute rctum to orthostasis, ther: werc
significant decreases in both renal plasma flow and mean

[o]
o e

AR R PV

Figure 3. Effect of HOT and postsIDT en renal plasma flow (RPH).
RPF increased by day 3 of HDT and remained increased o day 14 of
HDT with an overall inaease during the 30 day HDT. Post-HDT
immedietely retumed RPF to values not different from Conool. * P<0.0S
compared ta Control.

As observed in previous siudies (1,4) extraceliular
fluid volume (ECF) Increased early in HDT and retumed
to Control values by day 10 HDT as depicted In figure 4.

Qr ] arterial pressurc indicative of a degree of orthastatic
sot i t intolerance in the rat model of simutatad microgravity.
! {
40 -
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tha normal blood:interstitial volume ratio.
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Direct measurement of capillary blood pressure
in the human lip

S. E. PARAZYNSKI, B. J. TUCKER, M. ARATOW, A, CRENSHAW, AND A. R. HARGENS
Life Science Division, National Aeronautics and Space Administration-Ames Research Center,

Moffett Figld, Californig 940351000

PARAZYNSKL 8, E.. B. J. TUCKSR, M. ARATOW, A, CFEN-
SHAW, AND A R. HARGENS. Direct messuremant of capiilary
blond pressure in the human tp. J. Appl. Phywol. 74(2): H46-
950, 1893.-—In this study, we developed and testad 2 new proce-
dure for messuring microcirculatory blood pressures above
heart lavel in humans Capillary and posteapillary venuie biood
pressures ware masasured directly in 13 hyman subjects by use
of the servo-nuiling micropressure technique adapted for mi-
cropuncture of Hp capillaries. Pressure waveforms were re-
corded in 40 separate capillary vessels and 14 separate poat:ap-
illary venuloes aver periods tanging from 5 to 64 s. Localizetion
and determination of cepillary and postcapillary veasels srere
ascertained anatomically hefore prossurs measurements. Cipli-
lary pressure was 33.2 £ 1.5 (SE) mmHg in lips of subjects
seated upright, Repeated micropunctures of the same vissel
gave an average coefficiont of variation of 0.072 Postcapillary
venule pressuré was 189 = 1.6 mmHg. This procedurs pro-
duces a direct and reproducibl¢ means of measuring microvas-
cvlnr blood prosatires in a vascular bed above heart level ia
humnna.

postcapiliary venule pressure; servo-nulling vechuique; micro-
pressures; micropipérte; microcirculation

CAPILLARY BLOUD rRESSURE iy uf veuteal importancy for
maintaining tisstie nutrition and transcapillary fuid hal-
ance, yet its direct measurement is difficuit because of
the relative inaccessibility of superficial ¢xpillary heds
and technical difficulties relating to cannulation of such
small vessels. Pulsatile prassure in capiilaries was Grst
sbaorvad by Landic (6), mho ured & misrninjartinn tachs
nique within frog mesentery. Rappaport et al. (11) were
able 1o record dynamic preasures by use of 8 pressure
transducer in vessels 2s small as 30 pm in diameter, The
pioneering work of Wiederhislm et al. (15) developsd a
servo-controlled dynamic micropressure recording sys-
tem to measurd capillary blood pressure accurately in
frog rmesentery for prolonged periods of time, This tech-
nique makes use of a low electrical resistance fluid (1-2
M NaCl) within the micropipette. Displacement of' the
interface of plaama and the salt solution within the mi-
cropipette, due to changes in microvasculsr blood pres-
sure in the vessel lumen, alters elsctrical resistsnce,
which is then counateracted and sensed by 8 pressure
transducer. This system allows for a rapid-frequancy re-
sponse tuae ot 20 Hz.

Otber investigators have applied the servo-nulling
techrique to ditect measurnments of capillary pressure
in human fingemailfolds (3, 7, 8) and in tissues of cther

945

mammals (4, 14, 17). Indirect methods for measuring cap-
illary pressure, such as the venous occlusion technique
deacribed in humans by Perry et al. (10), have been criti-
cized because of inaccuracies due to venous backflow (2).
Moreover, none of the previcusly reported techniques
obtained measurements of capillary pressure ahove heart
level in humans. '

Obtaining capillary pressure measurements in tissues
gbove heart level is important for understanding the re-
sponses of tissues to changes in hydrostatic pressure due
to both alterarions in systemic dlood pressure, such as
hypartansion, and local pressure changes due to posture.
The regulatory mechanisms controlling capillary pres-
sure and transcapillary fluid exchange have not been ex-
plored in capillary beds located above heart level and
may differ from those of tissues located at or balow heant
level. The concept of a linear contribution of the hydro-
staric blood column due to gravity to the capillary bed
may not pertain to microvasculature above beart level,
where adequate perfusion pressure must be maintained
(9). In fact, Levick and Michel (7) obs=rved that capillary
pressure in the foot is less than that predicred by the
hydrostatie bland coluimn from the heaxt to the feet.

The purpose of this study was to develop and validate a
technique to measure dynamic capillary and posteapil-
lary venule blood pressures in the human lower lip by
application of the serve-nulling technique described by
Wiederhislm et al. (16). Such a vechnique could have im-
partant. apnliratinn in understanding transcapiliary regu-
lation in a wide variety of experimeantal studies of hu-
mans, such as orthostatic adaptation, orthostatic intoler-
ance, dehydration, and local edema.

METHODS

Subjects. Ten male and three fomale valunteers, aged
24-52 yr (mesn 34 = 9 yr), were studied in the Human
Reseerch Facility, NASA-Awmes Research Center, Mof-
fett Fiold, CA. Protocols for this investigation were previ-
ously approved by the Human Research Experiments
Review Board at NASA-Ames Research Center and the
Human Subjects Committee of Stanford Medical Center,
Stanford, CA. and informed written consent was ob-
Luiunl, Ae deles sdssed Ly paivd phiysical cxaminncions, all
subjects were in excellent health and uot currendy wking
any medication. Systolic blood pressure ranged from 87
to 138 mmHg (mesn 116.5 =+ 14.8 mpaH3g); diastolic blood
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TABLE 1. Human subject and environment parameters

INC (6133455~3962 [<]
CAPILLARY BLCOOD PRESSURE [N TilE Li¥

Mexzn = 3D Raxge
Age, yt 33.729.1 24.0-52.0
Height, ¢ 173.429.5 137.0--188.0
Weight, kg #0.3x11.8 44.1-88,1
SBP, mmHg 118215 B87-138
DBP. mrHz 7929 62--98
Heart rats, beats/min 83=8 4882
Lip tempersture, °C 33.6£0.7 31.7-348
Axxbient temperatare, *C 23.9=0.9 21.9--24.9

$SBY? and DBP, systolic and disstolio blood pressires, respectively,

pressure ranged {row 62 to 96 mmHg (mean 78.6 ;= 8.4
mmHg). Table § gives subject and environmental param-
eters

Technigues. The subjects were seatad upright in a den-
tist’s chair with the head extended backward. The inner
aspect of the lewer lip was exposed with two padded sur-
gical soft tissse clamps (Fig. 1). This configuration did
not compromiss vascular blood flow as visualized under
x40 magnification with & Zeiss surgical microscope. The
subject’s head rested on a custom-designed platform to
minimize vibration and to keep the micromanipulator/
micropipette assembly in line with the subject’s lip. The
lower lip was illuminated with a quartz fiber-optic bundle
and a light source (Ehranreich Photo Optical Industries,
Garden City, NY). A thermistor was applied to the lip,
and mucosal temperature ranged between 31.7 and
34.8°C (mean 83.6 = 0.7°C). Ambient room temperarure
for all measurements ranged between 21.9 and 24.9°C
(mean 23.9 + 0.9°C).

Pressure measurements were obtained with a servo-
nulling prassute recorder (Instrumentation for Physiol-
ogy and Meditine, San Diego, CA) by use of specially
prepared glass micropipettss, which were inserted under
direct visualizstion into the vessel lumen with & Zeiss
surgical ricroscope (X40) and & Leitz micromanipulator
device. No anesthetics were used, and micropuncture was
essentially painless. The only reported sensation was
slight pressure, which occurred infrequently. Three to
five preswure maeasurements of each vessel type were at-
terapthd in each individual. Uniform micropipettes were
prepared from custom 0.9-mm borosilicate capillary tub-
ing with wall thickness of 0.2 mm (Drummond Qlaas) by
uae of a comumercial pipette puller (Kopf) to obtain a
sharply tapered tip. Pipettes were ground on a Crysalan
grinding wheel to a 25- to 30*-heveled tip and a 1- t0 3-um
0D, Micropy were flled with 1.2 M NaCl so.ution
containing C Green no. 3 to improve contrast of the
mietopipette tip. Breakage of the micropipette tip oc-
curred occasiomally, but the fraginents were easily re-
moved and produced no untoward complicationa.

Micropuncture was performed in the lower lip wader a
drop of isotonic saline from an angle of ~45*. Before
mieropuncture, null pressure was established in this drop
of saline. The vessel was identified by location with re-
spect to arterioles and venules before the pressures rxcord-
ing. In addition, only capillaries with single-file flow of
arythrocytes were selacted for pressure maasureinsuts,
The micropipette was advanced through the superficial
lip mucpsa toward the capillary or postcapillary vrenule

T 1960854 1SE0ddedE FroE . Ol 7120
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chosen for cannulation. The position of the micropipette
was adjusted such that blood flow was not impeded and e
reliable waveform was obtained. Pressure msasurements
were obtained in a single blind feshion with the micro-
puncturist unawars of the recorded pressure at the time
of measurement. Simultaneous electrocardiogram moni-
toring allowed correlation of microvascular pressure
wave patterns to the cardiac cycle. Vesse! diarnsters weré
not quantified in this study.

Data and statistical analyses. Microvascular pressures
were determined by two procedures. If a tracing providec
clear systolic peaks and diastolic troughs and was insen-
sitiva tn inrreases in gain from the servo-null system, che
peaks and troughs were averagad and mean capillary
pressure (or postcapillary venular pressure) was calcu-
lated. If the signals hed superimposed electrical noise on
the pulse pressure wave, values were measured at regulas
time intervals (during the recording) and averaged to ob-
tain a mean microvascular pressure value.

Linear regression analysis was performed to deter-
mine significant relationships between microvascular
pressures, arterial blood pressure, and temperature. Mul-
tiple regression analyses were performed to detsrmine
whether any correlation existed between microvascular
pressures in the lip and such variebles as systolic bloocd
pressurs, mean arterial blood pressure, diastolic blood
pressure, and lip surface temperature. None of the curves
yielded statistical significance. The null hypothesis was
rejected when P < 0.05. Coefficients of variation (SD.
mean X 100%) were calculated to document the reproduc-
ibility of measuring ¢apillary blood pressure (13).
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FIG. 1. Microvascular presaure reconding system. Subjects were su
silized n a denrtist's chair with a specially dosipaed headrweat for micrc
puncture of lower lip caplilarier and vomsies. Bolarpeent (right) &
tails positioning of padded surpical soft tissrie clamps on lip.
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56 2 Micrograpn of iower lip capillary netwerk 1 4o

RESLLTS

Success of micropuncture ana period of capillary pres-
sure monitcring were limited by subject fatigue and a
subsequent ircrease in involuntary movemens. This
procedure was performed wiznout anesthesia and with-
out pain in our 13 subject:. Pipette breakage occurred
accasionally, Nevertheless. despite the technical ditfi-
culiv ot the procedure. mirropressuré recordings were
ohiained in 30 separate capillaries and 14 postcapillary
venuler 150 recordings o each vessel type in a single
i1dividual). We found that tae capiliary network within
uperticial tissves of the tower lip consisted ot @ branch-
ir.g capillarv arcade (Fiz. 2

rrapiilary nressure in the iy was 33,2 = 1.5{SE) mmHg
diring the upright seated position. wheréas mean np
venular pressure was 189 = 1.6 mmHze. In the four seb-
jecis who had repeared cannu.ation of the same cepillary.
the coefticient of variation averaved 7.2° ('Table 2). In
all measuraments. characteristic pulse-pressure tracings
<qowing pulsatile flow corresponding with the cardiac
cvele were obzained (Fig, 341 Respivauon had no eftect

on the wave pattern. The resolut:on aad mag:mmde or
the pressure tracings did not allow for visualization of &
dicrotic notch. In general. pulsatile pressure tracings
from postcapillary venules were more attenuated than
those obtained in capillary vessels (Fig. 3B). After conyid-
erable practice. each recording tock ~%-1{ min. includ-
ing sel-up time. tor a given subject.

Neither capillary pressure nor postcapiliary venule
pressute correlated signinicantly wita svstoae klood
pressure, mean arcerial blood pressure. dastulic tlood
pressure. or lip surtace temparature.

TABLE 2. Reproduciodizy of olood preisur
measuremenis withe a given capidar vessel

—— LT
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£16. 3. Variadon of microcirculatory pressures in Up with time. 4:
ceoillary prassure tracing with corresponding electrocardiographic
{ECG) recording. B: posteapillary venule pressure tracing with corre-
sponding ECQ recording.

DISCUSSION

Wae have applied the servo-nulling micropressure ays-
tem to measure dynamic microvaacular pressures above
heart level for the first time in human subjects. Continu-
ous tracings were obtained with pulsstile pressures
corresponding to the cardiac cycle. Although the tech-
plque is technically challenging, 1t provides iminlm. di-
rect, and reproducible measurements in the lip capillary
arcade. In a previous study (9), lip caplllary pressure in-
creased signifleantly during 6°* head-down-tiit postire, a
recognized mods] for microgravity.

The mean value of capillary pressure in the lip during
upright posture was ~10 mmHg leas than that measured
by Levick and Michsl (7) and Mahler et al. (8) in the
fingernailfold placed at heart level. We observed thiat the
vertical distanes between the heart and lower lip, when
our subjects were seated in pressure-recording position,
was 10-15 cm. corresponding to an 8- to 12-mmHg blood
pressure gradient. This hydrostatic preasure gradieat ex-
plains the rejatively lower pressure values we ;btained
compared with those in the finger. Furthermore, the ba.
sic structures of the fingarnailfold caplllary bed ar.d the

lip capillary bed are substantially differsnt. Whereas the
lip mucosa is supported by a branching capillary arcade.
the leas vascular fingernailfold capiilary bed consists of
relatively large-caliber single loops.

Microvascular pressure wag not related to body or
room temperature over the teraperature ranges involved
in this study. Although arterial pressure provides the in-
put force for propelling blood through downstream capil-
laries. capillary pressure did not correlate with blood
pressure over the limited rangee of pressure ir this study.
Several possibilities exist 10 explain why there was no
significant correlation betwesn the measurad microvas-
cular pressures and systemic arterial pressurss (systolic.
mean, and diastolic blood pressures). Therafore, other
factors are probably more important in modulating mi-
erovascular blood pressures in the lip. For example, re-
gional nutritional and tharmoregulatery requirements
vary {rom individual to individual at any given time, re-
sulting in variable capillary recruitment and regional
perfusion (12). Also, precapillary sphincter aad vasomo-
tor activities are important regulators of microvascular
pressure. Nonetheless, repeated punctures of the same
vessel yielded fairly reproducible blood pressures.

Our pressure values are generally higher than those
reported by Joyner and Davis (6) using vascular beds of
small animals. However, the microvasculature of these
small animals does not have to contend with grest varia-
tions of local blood pressure due to height and posture.
Other investigators who measured pressures in finger-
nailfold capillary beds at heart level have calculated capil-
lary pressure in the head to be 25 mmHg (€). This calcu-
lation is based on the hydrostatic pressure dizference be-
tween the heart and tbe head. Higher than expectec
capillary pressure may be necessary to maintain capil-
lary perfusion and fitration in the head. Our results ir
this study agree with previous findings that reduction ot
capillary blood flow due to precapillary vasoconstriction
may be less In rissues of the head than in tissues of the
feet (1). With less precapillary vasoconstriction, periph-
eral vascular resistance in the kead may shift toward the
venules, resulting in increased capillary and postcapil-
lary pressures, es observed in this study. Because these
tissues are Jocated 10-23 cm above heart level. a shift in
vascular resistance from pre- to postcapillary vessels
would benefit the metabolic demands of the surrounding
tissue by providing adequate perfusion during episodes
of decreased blood pressure,

In summary, we have developed a rapid, reliable, and
reproducible means for measuring capillary and postcap-
illary venule pressures ¢oncinuously for short periods o:
time in the human lip. Furthermors, to our knowledge.
this is the first time that capillary pressures have beer
recorded above heart level. Tompared with capillary
pressures in the fingernailfold at heart {evel. the lower
capillary pressures found in the lip are likely due to 2
hydrostatic pressure gradient between the heart and lip.
This technique mayv find application in studies of trans-
capillary fluid regulation and microvasculur disease.

The authors Lthank Dee ('Esrs sad Rick Ballard {ar their help witt
this project. We also thank Karen Hutchinson lor assisuance in mant:
seript preparation snd Dr. Ralpa Felligra tor subyect oantoring.
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